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Midlatitude Cloud Systems
GEORGE TSELIOUDIS AND KEVIN GRISE

In contrast to the tropics and subtropics, the middle lat-
itudes are characterised by large meridional temperature
gradients, created as a consequence of differential radiative
heating between high and low latitudes. These meridional
temperature gradients often concentrate in relatively narrow
baroclinic zones that become unstable to wave-like perturba-
tions called baroclinic eddies, or more commonly baroclinic
storms or midlatitude cyclones. Baroclinic storms constitute
the primary source of poleward energy transport at mid-
latitudes, which is accomplished through contrasting trans-
ports of warm air masses poleward (warm fronts) and cold
air masses equatorward (cold fronts). Baroclinic storms also
flux momentum into midlatitude regions, driving a region
of enhanced westerly winds from the surface to the upper
troposphere called the eddy-driven jet stream.

Baroclinic storms are the primary source of midlatitude
cloud formation, and thus play an important role in deter-
mining the radiative and hydrologic budgets in midlatitude
regions. High clouds of various vertical extents tend to form
in the uplift regimes of the warm and cold fronts associated
with the baroclinic storms, while low cloud decks often form
in the subsidence regimes of the cold air masses that follow
a cold frontal passage. As a result, the midlatitude cloud
field encompasses almost the full range of cloud types, and
the appearance of particular cloud types can be viewed as a
tracer of midlatitude dynamic regimes. Because the clouds
in the vicinity of the warm and cold fronts tend to be opti-
cally thick and often have tops in upper tropospheric layers,
they produce substantial shortwave and longwave radiative
signatures. Section 7?7 and Chapter 4 provide a detailed re-
view of the shortwave and longwave radiative signatures of
clouds. Briefly, the large optical depth of the clouds in the
vicinity of the fronts promotes the reflection of incident so-
lar radiation (a shortwave cooling effect), whereas the cold
cloud top temperatures promote the reduction of outgoing
longwave radiation to space (a longwave warming effect). In
contrast, the low cloud decks in midlatitude cold air regimes
have primarily a shortwave cooling effect, as their cloud-top
temperature differs little from the underlying surface tem-
perature.

These shortwave cooling and longwave warming effects
make midlatitude clouds a key contributor to the global ra-
diative budget and thus a potential source of significant ra-
diative feedbacks in climate change situations (Chapter 13).
Changes in the climate system, such as a climate warming,
could affect meridional temperature gradients as well as the
moisture availability of the atmosphere, which, through la-

tent heat release, constitutes an additional energy source
for baroclinic storms. Consequently, significant changes in
the track and strength of baroclinic storms could occur with
climate warming, and these changes would alter the mid-
latitude cloud field and produce radiative and hydrologic
climate feedbacks. At the same time, altered cloud fields
through their radiative effects and latent heat release have
the ability to change temperature gradient patterns which in
return can alter the characteristics of the midlatitude atmo-
spheric circulation. The examination of midlatitude cloud
processes and feedbacks, therefore, requires a detailed un-
derstanding of the relationships between the dynamical fea-
tures of baroclinic storms and the properties of the clouds
that they produce.

This chapter will examine in detail the relationships be-
tween cloud properties and atmospheric dynamics in midlat-
itude regions. Cloud structures and formation mechanisms
in baroclinic storms will be examined first, with an empha-
sis on the latest satellite retrievals of cloud properties. Next,
the climatologies of midlatitude clouds and their radiative
properties will be discussed. Then the interactions of the
midlatitude atmospheric circulation with clouds and their
radiative properties will be examined, including an exami-
nation of the effects of clouds on the midlatitude circulation.
Finally, the chapter will address how midlatitude clouds may
be affected in a changing climate.

9.1 Midlatitude Cloud Structures

9.1.1 Cloud Structures in Baroclinic Storms

Baroclinic storm clouds have been extensively observed from
both ground sites and space-based platforms, as they are in-
tegrally linked to weather forecasting at midlatitudes. Since
the early days of weather observations, attempts have been
made to explain the circulation features in a baroclinic storm
and to map the cloud and precipitation structures that are
formed in the different components of those circulation fea-
tures. In this section, a brief description will be provided of
early theories that explain the dynamical circulations and
the resulting cloud formations in midlatitude storms, and
then more recent results will be presented that use satellite
retrievals, meteorological observations, and field campaign
results to quantitatively characterise the properties of the
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midlatitude cloud field and their relationship with midlati-
tude atmospheric dynamics.

9.1.1.1 Norwegian Cyclone Model

As early as the late 19th century, it was recognised that
midlatitude baroclinic storms had a typical pattern in their
cloudiness, such that systematic cloud observations might
provide clues as to the development of weather systems.
The first International Cloud Atlas published in 1896 al-
lowed for the standardisation of remote cloud observations
(Chapter 1). As a result of these early observations, the
first conceptual model to depict the circulation and cloud
features in a midlatitude cyclone, the Norwegian Cyclone
Model, was formulated in the late 1910s and early 1920s
by Jacob Bjerknesl. The model was constructed through
the accumulation of surface observations of a multitude of
storm passages, which typically include the appearance first
of the warm frontal sector with southerly winds and warm
temperatures followed by the passage of the cold front that
turns the winds to northerly directions and drops the tem-
peratures significantly. A schematic of the model is shown
in Fig. 9.1, where the warm and cold air circulation regimes
that form the warm and cold frontal regions around a North-
ern Hemisphere low pressure centre are shown with arrows,
and the typical cloud and precipitation types that occur
in each regime are drawn schematically and noted using
cloud classification definitions. The classification of cloud
types is based on the definitions used by surface weather
observers that have changed very little over time (see Chap-
ter 1). Those types identified by the weather observers as the
primary clouds in midlatitude storms, included thin cirrus
(Ci) and cirrostratus (CiStr) clouds occurring upstream of
the storm centre, nimbus clouds (Ni) together with rain or
snow along the warm and cold frontal zones, and altostratus
clouds (AStr) in the cold air mass behind the cold front.

9.1.1.2 Quasi-geostrophic theory

In the 1940s and 1950s, quasi-geostrophic theory was intro-
duced, which helped to resolve with a high degree of accu-
racy the synoptic atmospheric motions associated with mid-
latitude baroclinic storms. A detailed explanation of quasi-
geostrophic theory is provided in many atmospheric dynam-
ics textbooks (see Further Reading at the end of the chap-
ter). A brief summary is provided here.

The quasi-static (primitive) equations describe the dy-
namics of large-scale flows in the atmosphere. The origin of
these equations is discussed in detail in Section ?? of Chap-
ter 2. Using pressure as a vertical coordinate, the horizontal
momentum equations can be written concisely as:

Divp = —f x v — Vpo, 9.1)

1 Jacob Aall Bonnevie Bjerknes (1897-1975) was a Nor-
wegian meteorologist, who is widely considered to be one of the
pioneers of modern meteorology. His contributions range from his
early work on the Norwegian cyclone model at the Geophysical
Institute in Bergen, Norway to his later work on the general cir-
culation and the El Nino-Southern Oscillation as a professor at
the University of California at Los Angeles.
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Figure 9.1 A schematic illustration of frontal clouds and
precipitation constructed based on the Norwegian Cyclone
Model, as conceptualised in the work of Bjerknes and Solberg
(1922). The middle panel shows the warm and cold fronts and
the movement of air around the storm centre, and the top and
bottom plots show schematics of two west-east cross sections
through the storm with indications of the locations of different
cloud types, precipitation, and air movements. Adapted from
Posselt et al. (2008). Copyright (© 2008 American
Meteorological Society (AMS).

where ¢ is the geopotential and Dy = 9y + vp - Vp. In
midlatitude synoptic-scale weather systems, a scale analysis
of the terms in Eq. (9.1) reveals an approximate balance
between the Coriolis force and pressure gradient force terms,

which is referred to as geostrophic balance:
O —f xv—Vpo. (9.2)

Likewise, the horizontal wind that reflects an exact bal-
ance between the Coriolis and pressure gradient forces is
referred to as the geostrophic wind vg:

vg = {ug,vg,0} = (1/f) X Vpo. (9.3)

To first order, the winds in midlatitude weather sys-
tems are dominated by their geostrophic component. The
ageostrophic component of the wind, va = v — vg, is com-
paratively much smaller, usually by an order of magnitude.
Using this knowledge, the primitive equations can be greatly
simplified by assuming that midlatitude synoptic-scale flows
are approximately (but not exactly) in geostrophic balance
(v = vg >> va). This quasi-geostrophic approzimation sim-
plifies the horizontal momentum equations (9.1) as follows:

df% = —fok X va — (By)k X vg. (9.4)

Here, note that, in the quasi-geostrophic approximation,
the total derivative D¢ in Eq. (9.1) is replaced by % = %



+ Ug% + Ugé%. In other words, advection is approximated
by the horizontal advection by the geostrophic wind; any
vertical advection is neglected. Note also that the Coriolis
parameter f = {0,0, f} has been replaced by {0,0, fo + Sy}
using the so-called Beta-plane approximation where fy >>
By.

Similarly, using pressure as a vertical coordinate, the ther-
modynamic equation (?7?) can be written concisely as:

DT+ 20,6 = Q.
Cp Cp

(9.5)

Here, we assume a dry atmosphere, such that the rhs of
Eq. (9.5) equals the diabatic heating rate @ divided by
the specific heat of dry air at constant pressure (cp =
1004 Jkg K1),

We can rewrite the thermodynamic equation (9.5) in
terms of the dry potential temperature 6 (?7?):

oT orT oT _Q
E-ﬁ-u%—f—va—y—&,w— ?p, (96)
where Sp = —%g—z is a measure of the static stability of

the atmosphere in pressure coordinates. Under the quasi-
geostrophic approximation, Eq. (9.6) simplifies to:

S Spow =%, (9.7)

dt Cp

where the subscript zero indicates a reference state tem-

perature profile that varies only in the vertical direction
(Spo = _&%)
Po 0y Op /*

It is often convenient to express the quasi-geostrophic hor-

izontal momentum equations (9.4) in terms of the quasi-

geostrophic relative vorticity (g = % — %Li:
dgCg _ a'LLa aUa
S8 = (G + ) = e (9.8)

Now, the quasi-geostrophic thermodynamic equation (9.7)
and vorticity equation (9.8) can be combined to yield
one diagnostic equation for vertical motions in midlati-
tude weather systems, the quasi-geostrophic omega equation
(9.9):

o, pfg O 1 o
(vp+ RdSpo (9[)2 )w* Spo VP( Vg va)
pfo O 1 2@
— —[—vg -V + ——V,—. (9.9
Dl 2 (s Vplts + Nl - VAL (09

Assuming that the atmosphere is statically stable (Sp, >
0), the term on the lhs of Eq. (9.9) behaves like the Laplacian
of the vertical velocity (omega, w). Recalling that the Lapla-
clan operator can be approximated as a negative sign (par-
ticularly near minima or maxima in a scalar field), the lhs of
Eq. (9.9) can be qualitatively interpreted as -w, or rising mo-
tion. The first term on the rhs of Eq. (9.9) is related to the
Laplacian of temperature advection by the geostrophic wind
on constant pressure surfaces. This term implies that warm
air advection is associated with -w (rising motion) and cold
air advection is associated with +w (sinking motion). The
second term on the rhs of Eq. (9.9) is related to the differen-
tial absolute vorticity ({g + f) advection by the geostrophic
wind on constant pressure surfaces. This term implies that
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Figure 9.2 A schematic view of the conveyor belt model for
the air circulation in midlatitude storm systems. The figure
shows the positions of the fronts, the low-pressure centre
(labeled as L), a high-pressure centre (labeled as H), and the
three major conveyor belt circulations (warm conveyor belt:
WCB, cold conveyor belt: CCB, and dry conveyor belt: DCB).
The sense of circulation assumes f> 0 and would be reversed for
f< 0, as in the Southern Hemisphere.

cyclonic vorticity advection increasing with height (decreas-
ing with pressure, (%) is associated with -w (rising motion)
and anticyclonic vorticity advection increasing with height
is associated with +w (sinking motion). Finally, the third
term on the rhs of Eq. (9.9) is related to the diabatic heat-
ing rate, including effects from radiation and the latent heat
of condensation. This term implies that diabatic heating is
associated with -w (rising motion) and diabatic cooling is
associated with +w (sinking motion). The diabatic heating
term is often neglected, if air motions are assumed to be
adiabatic.

9.1.1.3 The “conveyor belt” model

Using knowledge from quasi-geostrophic theory, the Nor-
wegian Cyclone Model can be extended into the so-called
conveyor belt model, which is a full-scale model of the
circulation, cloud, and precipitation components of baro-
clinic storms. The conveyor belt model is summarised in
Fig. 9.2 and includes three major circulation features (“con-
veyor belts”) surrounding the low-pressure centre of a baro-
clinic storm. Note that the latitudinal transports shown in
Fig. 9.2 and discussed below apply to the Northern Hemi-
sphere (f > 0) and must be reversed for Southern Hemi-
sphere (f < 0) baroclinic storms.

The first feature of the conveyor belt model is a warm con-
veyor belt that originates at low levels in the southeastern
quadrant of the storm and carries warm, moist air towards
the north. This warm, moist air mass is often convectively
unstable and therefore produces convective clouds and pre-
cipitating systems, including squall lines and strong thun-
derstorms. Even in the absence of convection, however, the
large scale lifting of the warm, moist air by the approaching
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cold front produces thick clouds with high tops that often
precipitate. As the warm conveyor belt moves northward,
this air motion is associated with warm air advection, and
thus consistent with Eq. (9.9), the air rises as it flows north-
ward and lifts over the warm front. This large-scale rising
motion often produces large regions of stratiform cloud cover
and precipitation ahead of the warm front. As the warm con-
veyor belt ascends, it is deflected to the east by the strong
westerly winds in the midlatitude upper troposphere. As the
warm conveyor belt moves to the east and northeast of the
storm centre, the lifted moist air forms cirrostratus clouds
that thin and change to cirrus as the air stream moves fur-
ther eastward. Therefore, the appearance of cirrus clouds
moving into a midlatitude region from the west is consid-
ered a harbinger of a storm passage.

The second circulation feature of the conveyor belt model
is a cold conveyor belt that originates to the northeast of
the low-pressure centre and brings cold air westward, as it
passes underneath the warm conveyor belt and parallels the
warm front along its northern edge. As the cold conveyor
belt passes underneath the warm conveyor belt and warm
frontal precipitation, it becomes significantly moistened and
begins to rise slowly as it nears the low-pressure centre. The
rising motion near the surface low is consistent with cyclonic
vorticity advection increasing with height (from Eq. (9.9)),
as an intensifying baroclinic weather system tilts westward
with height such that the cyclonic vorticity advection as-
sociated with a mid-tropospheric trough (cyclonic vorticity
anomaly) is typically positioned above the surface low. Once
in the vicinity of the surface low, the cold conveyor belt
splits into two branches: 1) an anticyclonic branch that is
deflected eastward by the mid-tropospheric westerly winds
and follows at lower levels the warm conveyor belt and 2) a
cyclonic branch that wraps around the surface low, produc-
ing a distinctive comma-shaped cloud feature to the west
of the surface low. Throughout its track, the low-level cold
conveyor belt favours the formation of stratus cloud decks
and fogs, which are often enhanced by evaporating precipi-
tation falling from the warm conveyor belt above. Further to
the west of the low-pressure centre, shallow cumulus cloud
decks often form over ocean, as the cold air advection from
the cyclonic circulation of air passes over warmer ocean wa-
ters.

The final circulation feature of the conveyor belt model is
a dry conveyor belt. The dry conveyor belt originates in the
upper troposphere and descends cyclonically to the south of
the surface low, creating a dry tongue, or dry slot, at the
western edge of the cold frontal circulation. The descending
motion of the dry conveyor belt behind the cold front is con-
sistent with the cold air advection occurring in this region
(from Eq. (9.9)).

9.1.1.4 Satellite retrievals of storm cloud properties

Surface weather observers provided these first, qualitative
descriptions of the cloud structures in midlatitude baroclinic
storms. Since the early 1980s, retrievals of cloud, radiation,
and precipitation properties from satellite instruments have
started to provide more quantitative information about the
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Figure 9.3 Patterns of the amount of selected cloud types
based on (a) ISCCP data and (b) surface observations, and (c)
frequency of occurrence of selected surface weather types, for a
composite of midlatitude storms over the North Atlantic during
the cool season (October—March). The colours on the plots
indicate the relative abundance of a cloud type or weather
regime as they are listed on the right of each plot, while the
arrows (see scaling at top right) and contours (interval: 10 m) in
(a) and (b) indicate the composite anomalous 1000 hPa wind
and geopotential height fields from European Centre for
Medium-Range Weather Forecasts (ECMWF) analyses,
respectively. The composite anomaly pattern for the vertical
velocity w (with positive values indicating upward motion) from
the ECMWF data is shown as contours (interval:

2 x 1072 Pas™ 1) in (c). Solid (dashed) contours indicate
positive (negative) values. Adapted from Lau and Crane (1997).
Copyright © 1997 American Meteorological Society (AMS).

radiative and hydrologic structures of the global cloud field.
Satellite retrievals provide detailed properties of midlatitude
clouds and therefore make it possible to quantitatively relate
those properties to the properties of the baroclinic storms
that constitute the primary mechanism for the formation of
these clouds.

A composite of satellite and surface retrievals of cloud and
precipitation properties in a baroclinic storm is shown in
Fig. 9.3. The satellite cloud property retrievals come from
the International Satellite Cloud Climatology Project (IS-
CCP) while the cloud type and weather type observations
come from surface weather observers (see Chapter 1 for a
detailed discussion of cloud observing systems). The figure



shows a composite for cyclones over the North Atlantic, for
the ISCCP cloud type retrievals (top), the surface observers’
cloud types (middle), and the surface observers’ weather
types (bottom). The satellite definition of cloud height is
based on a satellite measurement of the thermal emission
from the top of the cloud, which indicates the temperature
and therefore the vertical location of the cloud radiative
top. The definition of cloud optical thickness is based on
the cloud reflectance of solar radiation, which is indicative
of the vertical thickness of the cloud and the density of the
water and/or ice in it (Chapter 3). It is remarkable that
the classical view of the cloud distribution around baroclinic
storms derived first by surface observers as early as the late
19th century (Fig. 9.1) is verified with high accuracy by
the global satellite retrievals and the more recent surface
observer data; high-top thick and high-top medium or nim-
bostratus and altostratus clouds along with heavy precip-
itation dominate the warm and cold frontal regions of the
storm, while low-top thick and low-top thin or stratus and
cumulus/stratocumulus clouds along with snow are found
in the cold air outbreak region behind the storm. One ma-
jor difference between the surface observers and the satellite
cloud types relates to the fact that the surface observers find
large amounts of stratus cloud in the frontal sectors where
the satellite retrieves higher top thick clouds. This is due
to the bottom-up view of the surface observers versus the
top-down view of the satellite and the fact that cloud top
is not readily retrievable from the surface when the sky is
fully covered by cloud.

The cloud structures derived by surface observers and by
the first satellite cloud retrievals provide an illustration of
the average structure of cloud type distribution in a typi-
cal midlatitude storm. However, cloud cover and cloud type
distributions tend to vary widely both with changes in the
strength of the baroclinic storms as well as with changes
in atmospheric conditions that the storm is embedded in,
such as the moisture availability of the atmosphere. In re-
cent years, the global, multi-year nature of satellite observa-
tions along with reconstructions of atmospheric conditions
by reanalysis datasets, allow us to analyse large ensembles
of baroclinic storms and to derive meaningful classifications
that make it possible to examine how the cloud structures
and properties change with changing dynamic and ther-
modynamic conditions. Figure 9.4 illustrates the change
in high clouds in midlatitude storms with changing storm
strength (horizontal axis) and moisture availability of the
atmospheric column (vertical axis). Here the strength of the
storm is measured by the pressure value of the storm’s low
pressure centre. It can be seen that the amount of high cloud
in a storm is strongly dependent on the storm strength since,
for the same atmospheric moisture conditions, high clouds
become more abundant and cover a larger region along the
cold and warm frontal zones as the storm strength increases.
The dependence of high cloud amount on atmospheric mois-
ture availability is much weaker than the dependence on
storm strength.

The first generation of satellite observations included
cloud imagers that were able to retrieve cloud properties
such as cloud top temperature and optical depth from radi-
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Figure 9.4 Composites of the amount of high cloud from
midlatitude storms (cyclones) in all the major storm tracks,
classified by the cyclone strength (increasing left to right) and
the atmospheric moisture (increasing bottom to top). Cyclone
strength is defined as the mean wind speed within 2000 km of
the low-pressure centre and the atmospheric moisture as the
mean water vapour path within 2000 km of the low-pressure
centre. The composite mean surface pressure contours (in hPa)
and surface wind vectors are also shown. Adapted from Field
and Wood (2007). Copyright © 2007 American Meteorological
Society (AMS).

ances and irradiances originating from the cloud top. These
measurements provided information on the column-mean
cloud properties but did not provide information on the ver-
tical variability of the cloud layers. The advent of active re-
mote sensing measurements from space with the launch of
the CloudSat radar and the CALIOP LIDAR in 2006 made
it possible to examine the vertical distribution of cloud lay-
ers in the vicinity of baroclinic storms. Figure 9.5 shows a
cross-section of the vertical profile of cloud layers in a baro-
clinic storm over the North Atlantic, derived from CloudSat
radar retrievals. It can be seen that there is again a remark-
able similarity of vertical structure with the cross-section of
the cloud vertical profiles derived by the Norwegian cyclone
model some 80 years earlier and shown in Fig. 9.1. The cloud
type progression during the storm passage, with the cirrus
and cirrostratus clouds ahead of the storm, the nimbostratus
clouds along the frontal zones, and the low-top post-frontal
clouds, is now verified through the use of radar retrievals.
However, the use of active remote sensing also makes clear
the existence of multi-layered clouds in the storm, a detail
that cannot be readily resolved either from passive remote
sensing or from surface observations. The pre-frontal cirrus
are accompanied by low thin cloud decks, while part of the
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Figure 9.5 Cross-section along a North Atlantic baroclinic
storm of CloudSat observed radar reflectivity (dBZ, colour
shaded), overlaid with ECMWF-analysed equivalent potential
temperature (K, solid red lines). The positions of the cold front
and tropopause are marked with heavy black lines, and the
direction of movement of the front is indicated with a white
arrow. CloudSat-estimated precipitation rate is depicted directly
below the plot of observed reflectivity. Adapted from Posselt

et al. (2008). Copyright (© 2008 American Meteorological
Society (AMS).

cold frontal clouds are formed by two distinct thick layers
of low and high cloud tops. This explains the difference in
the view of the frontal clouds between satellite and surface
observations shown in Fig. 9.3.

9.1.2 Regional patterns of midlatitude cloud
organisation

The observational analyses presented so far show that, at
synoptic scales, baroclinic storm systems constitute a major
source of the variety of cloud types, and that cloud cover and
type varies significantly depending on location within the
baroclinic storm domain. High clouds dominate the warm
conveyor belt circulation while low clouds occur in the cold
conveyor belt. When averaged to form a climatology, how-
ever, the midlatitude cloud field does not show the pro-
nounced regional patterns found in other climate regimes,
other than some distinct cloud cover differences between
land and ocean in the Northern Hemisphere. This relative
uniformity of the midlatitude cloud field is due to the tran-
sient nature of baroclinic storms, which tend to distribute
cloud amounts in a somewhat uniform manner throughout
the three major oceanic storm tracks, located across the
North Atlantic, North Pacific, and Southern Oceans.

The midlatitude storm tracks have been thoroughly doc-
umented and studied for well over a century, as they consti-
tute the major weather makers for many of the world’s pop-
ulated regions. Midlatitude storms are commonly tracked by
following the movement of the low-pressure centre that con-
stitutes the centre of the storm over the duration of a storm’s
lifecycle (from cyclogenesis to cyclolysis). Storm tracking
can either be performed manually (by hand) or through
the use of an automated computer algorithm, which applies
propagation and direction criteria to follow a low-pressure
centre. Figure 9.6 shows two maps of the North Atlantic
storm track, the top map coming from the climatology atlas
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Figure 9.6 (Top) Frequency of surface lower pressure centres
(colours) and density of centre paths (arrows) over the course of
a year from the 1882 Képpen climatology atlas. (Bottom) Areal
number density of cyclone centres (colours) and stream function
of mean cyclone propagation from a 15-year climatology
(2000-2015), derived using the storm tracking analysis of Bauer
et al. (2016).

published by Wladimir Képpen2 in 1882 and the bottom
map coming from the application of a storm tracking algo-
rithm on sea level pressure data over the years 2000—-2015.
It is remarkable to note the similarities between the two
maps, given the sparse observational network available near
the end of the 19th century. Several centres of large storm

2 Wladimir KSppen (1846-1940) was a Russian-born clima-
tologist, who spent much of his professional career at the German
Naval Observatory in Hamburg. He is best known for establish-
ing the Koppen classification of the world’s climate zones, but
was also an author on the first International Cloud Atlas (see
Section ?77).



activity are present in both maps, including the maximum
between Greenland and Iceland (the Icelandic Low) and the
secondary storm track in the Mediterranean region. The lo-
cation of the storm track is not necessarily stationary in
time. There is some evidence that suggests that the North
Atlantic storm track shifted poleward over the latter half of
the 20th century. The potential effects of this storm track
shift on the cloud field and its radiative effects are discussed
in Section 9.3.1.

Some of the highest cloud amounts on the planet are
observed in the midlatitude storm tracks (see Fig. 77 in
Section ?7?). In the three major oceanic storm tracks, an-
nual mean total cloud cover is almost everywhere higher
than 70%, and shows only weak regional patterns over the
Northern Hemisphere oceans. In those basins, cloud cover
tends to be higher in the western parts, maintaining values
above 80% especially in the winter season when the storm
tracks are generally most active. These larger cloud covers
are caused by larger amounts of high-top clouds in the west-
ern basins, while low cloud amounts are somewhat higher in
the eastern parts of the Northern Hemisphere ocean basins.
The western parts of the basins are the cyclogenesis areas
of the oceanic storm tracks (Hoskins and Hodges, 2002),
and storms tend to produce larger amounts of high clouds
in their formation stages than in their decay stages. Low
cloud decks, on the other hand, occur more frequently in
the eastern parts of the basins, because a) the subtropical
and lower midlatitude parts of the Eastern North Atlantic
are dominated by the semi-permanent Azores high pressure
system, which tends to deflect storm tracks to the north
(Fig. 9.6) and favours the formation of stable boundary
layers and stratocumulus cloud decks, and b) in the east-
ern North Pacific, cold surface waters favour the formation
of fogs and stratocumulus clouds through mechanisms ex-
plained in more detail in Chapter 8.

Midlatitude continental total cloud cover ranges in the
annual mean between 40% and 70% and is, therefore, signif-
icantly lower than the midlatitude oceanic cloud cover. This
is true for all cloud types with the exception of high thin cir-
rus clouds. The overall lower continental cloud covers are due
both to the smaller moisture supply of the land compared
to the ocean surface and to the overall weaker storm sys-
tems occurring over land. The continental storm tracks also
tend to have smaller frequencies of storm systems than the
oceanic storm tracks, partly because of shorter-lived storms
over land. These factors contribute to the lower cloud cover
over midlatitude continents.

The large amounts of midlatitude continental cirrus
clouds are primarily orographic in nature. Orographic cloud
formation occurs preferably on the leeward side of mountain
ranges, as eastward flowing air is lifted by the mountains and
cools forming cloud layers throughout the extent of the re-
sulting gravity wave. Orographic cirrus coverage can reach
values of about 30%, thus constituting a major contributor
to the total cloud cover in regions downwind from major
mountain ranges, such as the Rocky Mountains in North
America, the Andes Mountains in South America, and the
Himalayas in Asia.
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9.2 Effects of midlatitude clouds on the
atmospheric radiation budget

In the climatology, midlatitude clouds exert stronger ef-
fects on the Earth’s top-of-atmosphere (TOA) radiative bud-
get than clouds in any other latitude band. Annual mean
shortwave cloud radiative cooling at TOA in the midlati-
tude regions ranges between 30-90 W m ™2, and these values
are some of the largest observed on the planet, compara-
ble only to the values found in the tropical Western Pacific
warm pool region, Intertropical Convergence Zone (ITCZ),
and the stratocumulus regions of the eastern subtropical
ocean basins (Fig. 7?7). Midlatitude longwave cloud radiative
warming ranges between 20-50 W m ™2, lower only than the
values observed in the ITCZ, the tropical Western Pacific,
and the deep convective regions in the Amazon and equato-
rial Africa (Fig. 7?7). As a result, net cloud radiative cooling
in the midlatitudes ranges between 10-40 Wm ™2, only ri-
valled by the net cloud radiative cooling in the stratocumu-
lus regimes in the eastern subtropical ocean basins (Figs. 77
and 77). The large radiative cooling effect of midlatitude
clouds makes them a significant contributor to the equator-
to-pole temperature difference and hence acts to strengthen
the large-scale atmospheric circulation (see Section 9.3.2).

As mentioned in the previous section, the transient na-
ture of baroclinic storms distributes clouds, and therefore
their radiative effects, rather uniformly along the major
storm tracks. Large regional differences occur mainly be-
tween Northern Hemisphere land and ocean regions. Short-
wave cloud radiative cooling over land ranges between 30—
60 W m ™2 while over ocean it ranges between 40-90 W m~2.
Shortwave cooling maxima occur in the cyclogenesis regions
in the western parts of Northern Hemisphere ocean basins,
and relative minima in shortwave cooling occur in the cy-
clolysis regions in the eastern parts of the ocean basins
(Fig. 7?). Cloud longwave warming over land ranges be-
tween 20-40 W m 2 with the maxima occurring in the cirrus
prone regions downwind from the Andes, the Rockies, and
the Himalayas. Cloud longwave warming over ocean ranges
between 30-50 Wm ™2 with the maxima occurring in the
high-cloud prone cyclogenesis regions (Fig. ??). The values
listed here are annual mean values. However, in the midlat-
itudes, cloud radiative effects vary significantly with season,
both because of seasonal storm track variability and the sig-
nificantly lower solar insolation during the winter season.
The lower insolation during winter reduces the wintertime
shortwave cloud radiative effect, as by definition, a cloud of
a certain optical depth will reflect less solar radiation in the
winter than in the summer.

It is important to note here that the two components of
the cloud radiative effect, the shortwave cooling and the
longwave warming, manifest themselves at different heights
in the atmospheric column. Shortwave cooling manifests it-
self at the surface and, therefore, affects surface-atmosphere
energy exchanges and temperature gradients in the bound-
ary layer. The longwave warming, on the other hand, mani-
fests itself in the atmospheric column with emphasis on the
upper troposphere. As a result, longwave warming, along
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with latent heat release, plays a significant role in the ver-
tical distribution of energy exchanges and in determining
temperature gradients in the upper troposphere. The cus-
tomary addition of the shortwave and longwave cloud radia-
tive effects to yield a net TOA cloud radiative effect does not
properly resolve the different nature of the two contrasting
effects, and is only useful in determining the net cloud contri-
bution to the overall atmospheric energy budget. A net zero
TOA cloud radiative effect that arises from the cancellation
of contrasting shortwave and longwave cloud radiative ef-
fects implies vertical heating gradients that will be balanced
by atmospheric circulation changes, which in turn can alter
the cloud field and affect the radiative budget. Therefore,
a net zero TOA cloud radiative effect does not necessarily
correspond to a state of radiative equilibrium.

At the synoptic scale, large cloud radiative effect differ-
ences occur among the different circulation regimes of baro-
clinic storms. The existence of clouds with different cloud
top heights and optical depths in the different storm sectors
creates distinct radiative signatures. One way to understand
these signatures is to separate the cloud radiative effects into
instances when the sea level pressure (SLP) is higher and
lower than the climatological value. This separation cap-
tures the climatological signatures of high and low pressure
regimes, respectively. Combined analysis of recent satellite
observations and weather data shows that the shortwave flux
differences between high and low SLP regimes are significant
and can vary with season: in the winter an excess shortwave
cooling of 5-20 W m ™2 occurs in the low SLP regime while
in the summer this excess cooling increases to 20-50 W m~2,
mostly due to the higher amounts of solar insolation (Tse-
lioudis et al., 2000). This excess cooling manifests itself at
the surface and would act to stabilise the surface horizontal
temperature gradients in the storm, as it occurs primarily
in the warm sector of the storm. The longwave differences
between high and low SLP regimes are uniform across sea-
sons and show an excess longwave warming of 5-35Wm ™2
in the low SLP regime. This excess warming is manifested
mostly as an additional warming of the atmospheric column
and would act to increase the upper tropospheric tempera-
ture gradients of the storm, as it occurs again in the warm
sector of the storm.

9.3 Interaction of clouds with the midlatitude

circulation

The results presented in the previous sections show that, at
synoptic scales, the amount and type of cloud produced in
a storm, and therefore the cloud radiative effect, depend on
the strength of the storm and the moisture availability of
the atmosphere (Fig. 9.4). This implies that changes in the
strength of the midlatitude circulation or the atmospheric
moisture content will initiate changes in the properties of the
midlatitude cloud field that have the potential to produce
strong cloud radiative feedbacks. Clouds, on the other hand,
can also alter the atmospheric thermal structure through
their diabatic effects, which can then impact the strength

of the midlatitude baroclinic circulation. Hence, changes in
the atmospheric circulation can modify clouds, and changes
in clouds can in return modify the atmospheric circulation.

For a discussion of the interaction of midlatitude clouds
with the atmospheric circulation, it is crucial, therefore, to
examine in brief the properties and processes of the midlati-
tude atmosphere that determine the strength and character
of its circulation. From the theoretical perspective, if one
considers a purely zonal jet stream with geostrophic wind
speed Ug that only depends on height z, then a suitable
measure of the baroclinicity of the flow is the Eady growth-
rate maximum:

f
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where f is the Coriolis parameter, and N is the Brunt-
Vaisalla frequency, a measure of the atmospheric static sta-
bility (Eq. (??); Table ??). The coeflicient of 0.31 is derived
from numerical calculations (Lindzen and Farrell, 1980).
Assuming hydrostatic balance (?7), the geostrophic wind
(9.3) varies with height according to the thermal wind rela-

, (9.10)

tionship:
0 Vg g
==ZxV(InT)

Substituting for dgj from Eq. (9.11), the maximum Eady

growth rate can be written in terms of the magnitude of the
meridional temperature gradient %—5:
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Eq. (9.12) implies that baroclinic storm generation de-
pends on the existence and magnitude of meridional tem-
perature differences and the static stability of the midlat-
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itude atmosphere. According to Eq. (9.12), any processes
that enhance the static stability of the midlatitude atmo-
sphere would act to suppress baroclinic storm generation,
whereas any processes that enhance the meridional tempera-
ture gradient would act to promote baroclinic storm genera-
tion. This theoretical framework will be used as the basis for
understanding the interactions between clouds and the mid-
latitude circulation discussed in this section. Results from
recent studies of both observations and model simulations
will be examined.

9.3.1 Influence of the midlatitude circulation on
cloud properties

Baroclinic storms propagate preferentially within the mid-
latitude storm track regions of the North Atlantic, North
Pacific, and Southern Oceans, so at planetary scales, mid-
latitude cloud and radiation changes can result either from
a) changes in the location of those storm track regions or b)
from changes in the strength or frequency of the individual
baroclinic storms.

9.3.1.1 Changes in storm track position

The positions of the baroclinic storm tracks at both North-
ern and Southern Hemisphere midlatitudes are not static in



time, but rather fluctuate between more poleward and more
equatorward positions on the timescale of approximately 10
days. These modes of unforced variability in the extratrop-
ical atmospheric flow are referred to as the Northern and
Southern Annular Modes, respectively. The exact dynamics
that govern the annular modes are still being researched. In
brief, from Eq. (9.12), the maximum growth rates of baro-
clinic eddies occur where the meridional temperature gradi-
ents are largest. The baroclinic eddies formed at the latitude
of the maximum meridional temperature gradient act to flux
momentum back toward their formation region, driving a
region of enhanced westerly winds from the surface to the
upper troposphere called the eddy-driven jet stream. Con-
sequently, if the location of the strongest meridional tem-
perature gradient is perturbed poleward or equatorward,
the baroclinic storm tracks and eddy-driven jet stream will
closely follow. The momentum fluxes by the baroclinic waves
are thought to be crucial in maintaining the storm track and
eddy-driven jet stream in a more poleward or equatorward
position for 1-2 weeks (Lorenz and Hartmann, 2001).

The latitudinal shifts in the baroclinic storm tracks and
eddy-driven jet stream associated with the annular modes
should be accompanied by corresponding cloud property
shifts, particularly in the high cloud field, as the intense up-
ward motions in individual baroclinic storms should closely
follow the location of the storm tracks and jet stream. In ad-
dition, the cloud shifts should be associated with coherent
changes in the cloud radiative effects. Poleward storm track
shifts are also sometimes linked to increases in midlatitude
storm strength, but this may be due to the lower climato-
logical sea level pressure closer to the poles which makes a
storm shift appear as an increase in the SLP-defined storm
strength even if the storm circulation is not stronger.

Analyses of both observational data gathered over the last
35 years and of model simulations can be used to examine
the relationships between eddy-driven jet shifts and cloud
properties. High clouds, for the most part, tend to shift con-
sistently with the eddy-driven jets in most ocean basins and
seasons. The high cloud shifts produce distinct longwave at-
mospheric warming in the region of increased high cloud
cover (i.e., the latitudes toward which the jet and storm
tracks have moved) and cooling in the region of reduced
high cloud cover (i.e., the latitudes from which the jet and
storm tracks have moved). Changes in the shortwave cloud
radiative effects with eddy-driven jet shifts, however, are
more complicated because low-top clouds do not respond in
a systematic manner to eddy-driven jet shifts. The response
of low-top clouds to eddy-driven jet shifts varies widely by
ocean basin and often differs between observational data and
model simulations (Grise and Medeiros, 2016).

In the North Atlantic, the poleward movement of the
eddy-driven jet stream during the winter season produces
a shortwave warming effect in areas equatorward of the jet,
caused by a reduction in the total cloud amount in those
areas that allows more sunlight to reach the ocean surface.
The North Atlantic high cloud and cloud radiative effect
changes are illustrated in Fig. 9.7, which shows the changes
in high cloud amount (top panel), longwave cloud radiative
effect (middle panel) and shortwave cloud radiative effect
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Figure 9.7 Changes in high cloud amount (top panel),
longwave cloud radiative effect (LW CRE) (middle panel) and
shortwave cloud radiative effect (SW CRE) (bottom panel) for a
one-degree poleward shift of the eddy-driven jet during winter
over the North Atlantic ocean. The high cloud changes are
shown in percentage units and the radiation changes in W m™2.
Shaded regions denote statistically significant changes and the
thicker horizontal line shows the mean position of the
eddy-driven jet for that region and season. Adapted from
Tselioudis et al. (2016). Copyright © 2016 John Wiley & Sons,
Inc.

(bottom panel) for a one-degree poleward shift in the North
Atlantic jet during winter. The high cloud amount shows a
dipole change, with increases of 1-2% in the northern part of
the basin and decreases of similar magnitude in the southern
part of the basin, while the longwave cloud radiative effect
change shows a corresponding warming of 1-2 W m ™2 in the
northern part of the basin and a cooling of 1-3Wm™2 in
the southern part of the basin. The shortwave cloud radia-
tive effect change shows mainly a 1-3Wm™2 warming in
the southern part of the basin, since in the northern part
of the basin, solar insolation is very small during the win-
ter and therefore cloud changes do not produce a significant
shortwave radiative signature.

In contrast to the North Atlantic winter season, in the
summertime Northern Hemisphere and in all seasons in the
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Southern Hemisphere, a poleward eddy-driven jet shift pro-
duces a small shortwave cloud radiative cooling anomaly
at the poleward part of the midlatitude domain (~50° to
60° latitude) and does not produce any observable short-
wave cloud radiative warming anomaly equatorward of the
jet position. Understanding these complicated signatures is
an area of active research, as they are not represented well
in many present-day global climate models. The shortwave
cooling at higher latitudes is likely produced through an in-
crease in the liquid water path of the storm cloud field. The
lack of shortwave warming equatorward of the jet shift is
likely due to the presence of large amounts of low-top clouds
in the lower midlatitude areas (~30° to 45° latitude) of these
ocean basins, and these clouds do not appear to respond in
a coherent manner to eddy-driven jet shifts. As a matter
of fact, a poleward movement of the eddy-driven jet is of-
ten correlated with a poleward expansion of the subsiding
branch of the Hadley circulation, which creates favourable
conditions for the formation of more extensive low cloud
decks at the equatorward side of the midlatitude zones. Such
increases in low clouds would negate the radiative effects
of any decreases in the high cloud field with the poleward
storm track shift. Consequently, variability of the midlati-
tude circulation and its effect on the midlatitude cloud field
cannot be examined in isolation from the variability of the
large-scale tropical circulation.

9.3.1.2 Changes in strength and frequency of
baroclinic storms

Changes in midlatitude clouds and their radiative properties
are also expected with changes in the strength and frequency
of individual baroclinic storms. From Eq. (9.12), recall that
the growth rates of baroclinic storms are closely related to
the strength of the meridional temperature gradient and to
the atmospheric stability, with more unstable lapse rates
promoting greater baroclinic eddy growth. As illustrated in
Fig. 9.4, the amount of high cloud in baroclinic storms de-
pends strongly on storm strength changes and, to a lesser ex-
tent, on the moisture availability of the atmospheric column.
Table 9.1 quantifies the changes in cloud radiative effect as-
sociated with changes in midlatitude storm strength and
frequency, as derived from observations. The values in Ta-
ble 9.1 represent the shortwave and longwave cloud radiative
effect responses to a 7% decrease in the overall midlatitude
storm frequency and to a 5% increase in overall storm in-
tensity. These changes in frequency and intensity were used
because they represent typical values occurring in climate
warming simulations (see Section 9.4 for further discussion
of climate change impacts on midlatitude clouds).

The results in Table 9.1 show that changes in storm
strength and frequency have opposite effects on cloud ra-
diative effects. Storm strength increases produce shortwave
cooling and longwave warming through the production of
optically thicker clouds with higher cloud tops. These cloud
changes occur in the cold and warm frontal sections of the
storms as shown in Fig. 9.4. The shortwave cooling is of or-
der 2—5Wm_2, depending on hemisphere and season, and
the longwave warming is of order 1.5-2.5 Wm™2. As a re-

sult, a 5% increase in storm strength results in a net cooling
of order 1.5 W m™2. It must be noted again, however, that
shortwave cooling materialises at Earth’s surface while long-
wave warming materialises in the tropospheric column, and
therefore the shortwave and longwave effects affect funda-
mentally different processes in the Earth system.

Storm frequency decreases, on the other hand, produce
shortwave warming and longwave cooling through an over-
all decrease in the amount, optical depth, and height
of the cloud field. The shortwave warming is of order
1.5-25Wm ™2 and the longwave cooling is of order 0.5—
1.5Wm™2. As a result, a 7% decrease in storm frequency
results in a net warming of order 1Wm™2. It is clear that
the net cloud radiative effect of any combined storm strength
and frequency change depends on the relative magnitude
of change of the two dynamic components and the hemi-
sphere and season where they occur. For this particular
storm change configuration, the overall radiative change is
dominated by the shortwave cooling caused by the storm
strength increase. Note that the magnitudes of the radiative
signatures from these relatively modest changes in storm
strength and frequency are of order 1 5Wm™2, implying
the potential for strong radiative effects from climate per-
turbations in the characteristics of baroclinic storms.

9.3.2 Influence of clouds on the midlatitude
circulation

Unlike the tropics where diabatic processes are the key
driver of the atmospheric circulation, the midlatitude cir-
culation is governed more strongly by the presence of large
horizontal temperature gradients. As discussed above, the
location and strength of the eddy-driven jet streams and
storm tracks depend on the thermal structure of the mid-
latitude atmosphere, and midlatitude clouds apply thermal
forcings to the atmospheric column, both through radiative
and latent heating effects. Differential thermal forcing by
the clouds can produce horizontal and vertical temperature
gradients that in turn could influence the midlatitude cir-
culation, including the eddy-driven westerly jets. This forc-
ing can happen at different spatial scales ranging from the
global and climate scales to the local and synoptic scales.
The Eady growth rate equation (9.12) indicates that storm
growth responds to both temperature gradients and static
stability changes, and both of those processes can be in-
duced by changes in the structure and the properties of the
midlatitude cloud field.

Clouds produce atmospheric thermal gradients either
through the release of latent heat via condensation or
through their interactions with atmospheric radiation. At
the synoptic scale, emphasis has been put on the release
of latent heat because the cloud-induced radiative heating
is generally smaller by an order of magnitude than latent
heating, and because observations of cloud-modified radia-
tive fluxes have been sparse and less reliable. At such syn-
optic and local scales, cloud diabatic effects can damp or
amplify the in-atmosphere energy balance of atmospheric
eddies depending on whether the passage of storm clouds
tends to warm an otherwise warm atmosphere or to warm
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Winter Summer
SW LW | SW 1w
Increasing storm strength 3.7 415 | -1.9 416
Northern Hemisphere | Decreasing storm frequency | +2.6 -1.4 | +1.9 -1.0
Net change -1.1 +0.1 0.0 +0.6
Increasing storm strength -49 425 | 37 +14
Southern Hemisphere | Decreasing storm frequency | +1.4 -0.3 | +1.9 -04

Net change

-3.5 422 | -1.8 +41.0

Table 9.1. Net TOA shortwave (SW) and longwave (LW) fluz changes in Wm ™2 with storm strength and frequency over
midlatitude bands (30° N-65° N and 30°5-65°S) for winter and summer seasons. Adapted from Tselioudis and Rossow (2006).

Copyright © 2006 John Wiley & Sons, Inc.

an otherwise cold atmosphere. The cloud diabatic effects of-
ten depend on latitude and season as well as on the vertical
distribution of the diabatic heating.

Modelling and observational studies generally show that
latent heat release leads to stronger storms and faster storm
development. In the vertically tilted structure of a baroclinic
storm, the latent heat release associated with cloudy air as-
cending the frontal structure of the warm conveyor belt is
often accompanied by evaporative cooling from precipita-
tion falling into the dry air intrusion behind the cold front
(Fig. 9.2). This creates a heating dipole along the front that
increases baroclinicity, which could strengthen the storm
circulation. Despite their relatively smaller magnitude, ra-
diative heating terms could also play a role in affecting
baroclinic storm development. As discussed in Section 9.2,
shortwave cloud radiative cooling effects tend to dampen
the surface horizontal temperature gradients in low pres-
sure systems, while longwave cloud warming effects tend to
strengthen the upper tropospheric horizontal temperature
gradients. In addition, longwave cooling that peaks above
the cloud top combined with longwave warming below can
create vertical diabatic heating gradients especially near the
tropopause, which can induce circulations that strengthen
the amplitude of the baroclinic storm. It is difficult to ob-
serve diabatic heating rates with sufficient spatial and tem-
poral resolutions to resolve interactions between clouds and
synoptic-scale dynamics. However, modelling analyses indi-
cate that latent heat release is an important contributor to
the storm energy budget at the early stages of high latitude
winter storms (Booth et al., 2013), while radiative effects
could play an important role in the development of high
latitude summertime storms when shortwave effects are the
strongest. It is fair to say that we are still at the begin-
ning stages of understanding the interactions between cloud-
scale thermodynamic processes and synoptic-scale midlati-
tude weather systems.

On global climate scales, the radiative effects of midlat-
itude clouds, particularly the effects on shortwave radia-
tion, are generally considered to be the most important dia-
batic cloud effects on the midlatitude circulation. Shortwave
cloud radiative effects cool the surface and therefore modu-
late horizontal temperature gradients and surface baroclin-
icity, particularly during the summer season when the so-
lar insolation at midlatitudes is maximised. The existence
of bands of strong shortwave cloud radiative forcing over

the midlatitude storm tracks introduces an additional cool-
ing component that sharpens the meridional temperature
gradient on the equatorward side of the midlatitude storm
tracks, which affects the baroclinicity (see Eq. (9.12)) and
could therefore subsequently feed back upon the strength
and location of the eddy-driven jets and storm tracks. The
strength of this shortwave cloud radiative forcing depends
on the cloud amount and the optical depth of the midlati-
tude cloud field. It is important to also note, however, that
the existence of shortwave cloud radiative cooling at middle
latitudes decreases meridional temperature gradients on the
poleward side of midlatitude ocean basins and therefore can
decrease the baroclinicity in higher latitude regions. There-
fore, the shortwave radiative effects of midlatitude clouds
depend strongly on the mean position of the storm tracks.

Studies of the radiative effects of midlatitude clouds on
the large-scale midlatitude circulation are done mostly in
the context of atmospheric models, often run in idealised
frameworks such as the aqua-planet framework in which
the Earth’s surface is entirely ocean. Such modelling stud-
ies suggest that cloud changes that favour increases in the
gradient of absorbed shortwave radiation between high and
low latitudes increase midlatitude baroclinicity and pro-
duce a poleward shift and a strengthening of the eddy-
driven jet streams (Ceppi and Hartmann, 2016). Model
simulations also suggest that cloud radiative effects within
the atmosphere, achieved mostly through longwave absorp-
tion in the atmospheric column, exhibit important influ-
ences on the large-scale circulation. Model sensitivity ex-
periments demonstrate that these in-atmosphere radiative
effects strengthen the eddy-driven jet stream and increase
eddy kinetic energy by as much as 30% (Li et al., 2015). This
effect is achieved through an increase of the in-atmosphere
meridional temperature gradient and decreases in static sta-
bility in the midlatitude upper troposphere.

The modelling results point to a strong dependence of the
midlatitude circulation on cloud radiative effects. It must
be noted, however, that atmospheric models include in their
simulations strong biases in their midlatitude radiative bud-
gets, manifested in most models through a strong positive
bias in absorbed shortwave radiation at middle and high
latitudes (Trenberth and Fasullo, 2010). This is due to the
fact that most climate models simulate a midlatitude cloud
field that includes too few yet too optically thick clouds.
Models simulate high, optically thick cloud decks along the
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warm conveyor belt circulations of midlatitude storms. How-
ever, for the most part, they fail to simulate the extensive
middle and low cloud decks that occur in the cold air out-
break regimes that follow the passage of the frontal struc-
tures (Bodas-Salcedo et al., 2014). These cold air outbreak
regimes are associated with large-scale subsidence, so the
failure of models to accurately simulate low cloud decks here
is consistent with their similar struggles in the subsiding
regimes of the tropics and subtropics (Chapter 8). As a re-
sult, most climate models allow excess amounts of shortwave
radiation to reach the midlatitude surface and at the same
time misrepresent the horizontal radiative gradients that ex-
ist between the different sectors of baroclinic storms, which
are important factors in the storms’ development. The ex-
istence of these cloud errors and radiative biases make the
results of model studies of midlatitude cloud/dynamics in-
teractions difficult to interpret and motivates the need for
stricter observational constraints.

9.4 Midlatitude clouds in a changing climate

The midlatitude cloud systems discussed in this chapter are
likely to be significantly altered over the coming century (see
also Chapter 13). With increasing greenhouse gas concentra-
tions, the troposphere is expected to warm and the strato-
sphere is expected to cool, which will raise the height of
the global tropopause. A rising tropopause height will allow
high-topped clouds to extend to higher altitudes at midlati-
tudes, increasing their longwave radiative warming capacity.
However, because many midlatitude clouds are composed in
part of ice, a warming troposphere will also promote the ex-
istence of more in-cloud liquid, increasing the optical depth
of these clouds and consequently their shortwave radiative
cooling capacity. Furthermore, as the troposphere warms,
the saturation vapour pressure will increase exponentially
with temperature via the Clausius-Clapeyron relationship
(Eq. (?7); Fig. 7?), and thus there will be increased mois-
ture availability for midlatitude clouds and the energetics
of midlatitude storms. Absolute humidity gradients are also
projected to increase, which would make mixing more effec-
tive in stabilising saturated regions.

The changing climate will also likely alter midlatitude cir-
culation patterns. Global climate models suggest that, with
increasing greenhouse gas concentrations, the storm tracks
and eddy-driven jet streams will shift poleward, particularly
in the Southern Hemisphere. The mechanisms for these pole-
ward jet and storm track shifts are not well understood. Sev-
eral leading hypotheses rely on the fact that, in a warming
climate, upper tropospheric temperatures will increase sub-
stantially more than surface temperatures, particularly in
the tropics and subtropics. The large warming of the tropi-
cal upper troposphere (compared to that at the surface) is
due to the fact that the tropical atmospheric lapse rate is
approximately moist adiabatic. Greater warming in the sub-
tropical and midlatitude upper troposphere would enhance
the static stability on the equatorward side of the present-
day storm track, acting to suppress baroclinic eddy growth

there (see Eq. (9.12)) and thus promoting a poleward shift
of the storm track (Vallis et al., 2015). Because warming of
the tropical upper troposphere strengthens the meridional
temperature gradient in the upper troposphere-lower strato-
sphere, the enhanced meridional temperature gradient in the
upper troposphere-lower stratosphere might also be a critical
component in driving the poleward shift in the storm track
and eddy-driven jet. A complicating factor is that, as the
climate warms, enhanced warming of the Arctic surface due
to ice-albedo feedbacks (“polar amplification”) will act to
reduce the surface pole-to-equator temperature gradient in
the Northern Hemisphere, which has been shown to promote
an equatorward shift in the storm tracks and eddy-driven jet
stream in model experiments (Butler et al., 2010).

Regardless of the mechanism involved, systematic pole-
ward jet and storm track shifts are likely to have funda-
mental impacts on midlatitude cloud fields (as noted in Sec-
tion 9.3.1.1). Some recent satellite observations suggest that
midlatitude cloud fields have already begun to shift pole-
ward (Bender et al., 2012). Recent observed poleward jet
and storm track shifts are more pronounced in the Southern
Hemisphere and can be attributed, at least in part, to the ex-
istence of the Antarctic ozone hole, which is thought to have
contributed to a pronounced poleward jet and storm track
shift in the Southern Hemisphere summer months since the
early 1980s. The ozone hole is associated with substantial
cooling in the Southern Hemisphere polar lower stratosphere
during spring and summer months, which enhances the
meridional temperature gradient in the upper troposphere-
lower stratosphere. Antarctic polar stratospheric ozone lev-
els are expected to recover by the mid to late 21st century, so
the Southern Hemisphere summertime storm tracks would
be expected to return to a more equatorward position by
the mid-21st century in the absence of increasing greenhouse
gases.

The strength and frequency of individual midlatitude
storms is also likely to be impacted by the changing cli-
mate. Enhanced warming in the upper troposphere com-
pared to that at the surface would increase midlatitude
static stability, which would have a weakening effect on
storm intensity via Eq. (9.12). Likewise, enhanced warming
of the Arctic surface would act to reduce the surface pole-to-
equator temperature gradient in the Northern Hemisphere,
reducing the surface baroclinicity available for the growth
of baroclinic storms. However, the predicted increase in at-
mospheric moisture content and the upper tropospheric-
lower stratospheric temperature gradient might be expected
to increase the strength of baroclinic storms. There is lit-
tle consensus about whether baroclinic storms will increase
or decrease in strength in a warming climate, while there
is some agreement among climate models that baroclinic
storms will reduce in frequency, particularly in the Northern
Hemisphere (Chang et al., 2012). As noted in the introduc-
tion to this chapter, the purpose of baroclinic storms is to
transport energy from equator to pole. If the equator-to-pole
temperature gradient is reduced, the amount of required en-
ergy transport would be reduced. Similarly, if the amount of
moisture in baroclinic storms increases, weaker storms could
attain the same required energy transport. From these sim-



ple arguments, fewer or weaker storms might be expected in
a warmer climate. Systematic changes in storm magnitude
and frequency will have fundamental impacts on midlati-
tude cloud fields and their radiative impacts, as noted in
Section 9.3.1.2.

Midlatitude cloud changes induced directly by warm-
ing temperatures or indirectly through midlatitude circu-
lation changes can potentially feed back on the position and
strength of the atmospheric circulation via changes in hori-
zontal and vertical temperature gradients in diabatic heating
(as discussed in Section 9.3.2). It remains an area of active
research as to how much midlatitude clouds and their re-
sponses to a changing climate will impact future changes
in baroclinic storms and the large-scale midlatitude circula-
tion.

Exercises

1. Using vg = (1/f0) X Vpo, show that the rhs of Eq. (9.1)
is equivalent to the rhs of Eq. (9.4). Make the quasi-
geostrophic Beta plane approximation.

2. Show that the thermodynamic equation for a dry at-
mosphere (9.5) can be rewritten in terms of the dry
potential temperature 6 (??) as Eq. (9.6).

3. Show that the quasi-geostrophic vorticity equation (9.8)
can be derived from the quasi-geostrophic horizontal
momentum equations (9.4).

4. Show that the quasi-geostrophic omega equation (9.9)
can be derived from the quasi-geostrophic thermody-
namic equation (9.7) and vorticity equation (9.8).

5. Explain why the Laplacian operator can be approxi-
mated as a negative sign in the interpretation of the
quasi-geostrophic omega equation (9.9).

6. Using your knowledge of the quasi-geostrophic omega
equation (9.9), draw a sketch of a typical midlatitude
cyclone (as in Figs. 9.1 and 9.2). Label where the thermal
advection, differential vorticity advection, and diabatic
heating terms are likely to contribute to upward or down-
ward motion.

7. The average daily solar insolation reaching the top of
Earth’s atmosphere is given by the following formula (see
Hartmann (2016) for details):

— 2
% (g) [ho sing sind + cos¢ cosd sinhg], (9.13)

where Sy = 1360 Wm ™2 is the solar constant at Earth,
d = 1.496 x 10" m = 1 AU is the mean earth-sun dis-
tance, d is the earth-sun distance, ¢ is latitude, and 9 is
the solar declination angle (the latitude at which the sun
is directly overhead at noon, which varies from —23.45°
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to 23.45°). hg is the hour angle at sunrise and sunset (in
radians), which is defined by cos hg = —tan ¢ tan J.

Using this formula, estimate the variation in solar
insolation between the summer and winter solstices at
45°N and 45°S. The earth-sun distance on December 21
is 0.98376 AU, and the earth-sun distance on June 20 is
1.01618 AU.

Assuming a hydrostatic atmosphere (?7), derive the
thermal wind relationship (9.11) from the definition of

the geostrophic wind (9.3). Hint: You can assume that
d(In T)
& dz

is small and can be neglected.

Using reanalysis data, plot the annual-mean climatology
of the maximum Eady growth rate in the latitude-height
plane. Explain the observed features within the context
of the climatologies of the meridional temperature gra-
dient and static stability.

Speculate on how increasing high and low cloud cover at
midlatitudes may affect the midlatitude circulation. Jus-
tify your answer using the thermal wind equation (9.11)
and the Eady growth rate equation (9.12).
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Further Reading

This chapter provided an overview of a wide range of extrat-
ropical cloud issues, related to their properties, their forma-
tion mechanisms, and their interaction with radiation and
with atmospheric dynamics. Each of those issues is exam-
ined in more detail in the resources listed below.

Section

9.1: Midlatitude Cloud Structures

Carlson, Mid-Latitude Weather Systems (Carlson, 1998)

Cotton

Holton

Section

This book provides a detailed discussion of the
observed structures and dynamics in extratropi-
cal cyclones from a synoptic meteorology perspec-
tive. Topics covered include the Norwegian cyclone
model, baroclinic storm development, and quasi-
geostrophic theory.

and Anthes, Storm and Cloud Dynamics (Cotton
and Anthes, 1989) This book provides extensive
coverage of the relationships between cloud for-
mations and dynamical circulations across a range
of mesoscale and synoptic-scale weather systems.
Their Chapter 11 includes further detail on the re-
lationships between clouds and dynamics in extra-
tropical cyclones.

and Hakim, An Introduction to Dynamic Meteo-
rology (Holton and Hakim, 2013) This book pro-
vides a detailed introduction to atmospheric dy-
namics, ranging from fundamental concepts such
as geostrophic and thermal wind balance to more
advanced topics on the atmospheric general circula-
tion. Their Chapters 6 and 7 provide further detail
on quasi-geostrophic theory and baroclinic instabil-
ity, respectively.

9.3: Interaction of clouds with the midlatitude

circulation

Ceppi and Hartmann, Connections between clouds, radi-

Section

ation, and midlatitude dynamics: A review (Ceppi
and Hartmann, 2015) This short review article pro-
vides an overview of the recent scientific literature
linking wvariability in midlatitude dynamics with
clouds and their associated radiative feedbacks.

9.4: Midlatitude clouds in a changing climate

Shaw et al., Storm track processes and the opposing influ-

ences of climate change (Shaw et al., 2016) This
review article provides a detailed summary of the
recent scientific literature on the dynamics of baro-
clinic storm tracks, their linkages with moist pro-
cesses, and processes relevant for explaining their
changes in a warming climate.
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cloud radiative effect, 7
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Eady growth rate, 8, 10
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midlatitude cyclones, see baroclinic storms 1

Norwegian Cyclone Model, 2

orographic clouds, 7
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polar amplification, 12

quasi-geostrophic approximation, 2, 3

quasi-geostrophic omega equation, 3

quasi-geostrophic theory, 2

reanalysis, 5
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sea level pressure, SLP, 8

static stability, 3, 8

storm tracks, 5-8, 10-12

thermal wind balance, 8
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warm conveyor belt, 3, 11, 12
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